Patients with acute myeloid leukemia (AML) who are in morphologic complete remission are typically considered separately from patients with active disease (ie, $ 5% marrow blasts by morphology) in treatment algorithms for allogeneic hematopoietic cell transplantation (HCT), which implies distinct outcomes for these two groups. It is well recognized that the presence of minimal residual disease (MRD) at the time of transplantation is associated with adverse post-HCT outcome for those patients in morphologic remission. This effect of pre-HCT MRD prompted us to compare outcomes in consecutive patients in MRD-positive remission with patients with active AML who underwent myeloablative allogeneic HCT at our institution.
Patients with acute myeloid leukemia (AML) who are in morphologic complete remission are typically considered separately from patients with active disease (ie, $ 5% marrow blasts by morphology) in treatment algorithms for allogeneic hematopoietic cell transplantation (HCT), which implies distinct outcomes for these two groups. It is well recognized that the presence of minimal residual disease (MRD) at the time of transplantation is associated with adverse post-HCT outcome for those patients in morphologic remission. This effect of pre-HCT MRD prompted us to compare outcomes in consecutive patients in MRD-positive remission with patients with active AML who underwent myeloablative allogeneic HCT at our institution.
Patients and Methods
We retrospectively studied 359 consecutive adults with AML who underwent myeloablative allogeneic HCT from a peripheral blood or bone marrow donor between 2006 and 2014. Pre-HCT disease staging included 10-color multiparametric flow cytometry on bone marrow aspirates in all patients. Any level of residual disease was considered to be MRD positive.
Results
Three-year relapse estimates were 67% in 76 patients in MRD-positive morphologic remission and 65% in 48 patients with active AML compared with 22% in 235 patients in MRD-negative remission. Three-year overall survival estimates were 26%, 23%, and 73% in these three groups, respectively. After multivariable adjustment, MRD-negative remission status remained statistically significantly associated with longer overall and progression-free survival as well as lower risk of relapse compared with MRD-positive morphologic remission status or having active disease, with similar outcomes between the latter two groups.
INTRODUCTION
Allogeneic hematopoietic cell transplantation (HCT) is potentially curative in patients with acute myeloid leukemia (AML). [1] [2] [3] [4] [5] Many studies indicate that allogeneic HCT reduces patient risk of experiencing relapse and improves relapse-free and overall survival (OS) in adverse-risk and intermediate-risk AML in first morphologic complete remission (CR). 3 Current treatment algorithms and research protocol assignments as well as analyses of post-HCT outcomes typically separate patients in morphologic remission (ie, , 5% bone marrow blasts) from those with active disease ($ 5% blasts in bone marrow) after either experiencing relapse or failure to enter initial remission with chemotherapy. This distinction reflects the poorer outcome in patients with active AML at the time of transplantation. Yet, outcomes vary widely in patients who undergo transplantation while in morphologic remission, with the presence of minimal residual disease (MRD) before HCT, as detected by multiparameter flow cytometry (MFC), indicating a high relapse risk and short survival. [6] [7] [8] Here, we asked whether post-HCT outcomes in patients who are in MRD-positive CR at the time of transplantation more closely resembled outcomes in patients with active AML or those in MRD-negative remission pre-HCT. We therefore compared outcomes following transplantation in these groups using a cohort of consecutive patients who underwent myeloablative allogeneic HCT from a peripheral blood or bone marrow donor.
PATIENTS AND METHODS

Study Cohort
Patients with AML age $ 18 years were included if they underwent first allogeneic HCT with myeloablative conditioning using peripheral blood or bone marrow as the stem cell source from April 2006 until October 2014, with the former date corresponding to the introduction of a refined MFC-based MRD detection method. Results from 205 patients who underwent HCT while in morphologic remission were reported previously. [9] [10] [11] We used the 2008 WHO criteria to define AML 12 and Medical Research Council/National Cancer Research Institute criteria to assign cytogenetic risk. 13 Secondary leukemia was defined as AML following an antecedent hematologic disorder, that is, myelodysplastic syndrome or myeloproliferative neoplasm, or treatment with systemic chemotherapy and/or radiotherapy.
11
Treatment responses were categorized as proposed by International Working Groups.
14, 15 Criteria for diagnosis and grading of acute and chronic graftversus-host disease (GVHD) have been reported previously.
16,17 All patients were treated on institutional review board-approved protocols or standard treatment protocols and gave consent in accordance with the Declaration of Helsinki. Follow-up was current as of April 24, 2015.
MFC Detection of MRD
Ten-color MFC was performed routinely using bone marrow aspirates and a panel of three antibody combinations as part of the transplant arrival work-up. [9] [10] [11] Up to 1 million events per tube were acquired on a custom-built LSR II flow cytometer (BD Biosciences; San Jose, CA), and data compensation and analysis was performed using in-house software (WoodList; B.L. W.). The same assay and largely the same group of hematopathologists were used during the time course of the study. Compared with either normal or regenerating marrow, MRD was identified by visual inspection as a cell population showing deviation from normal antigen-expression patterns seen in specific cell lineages at specific stages of maturation. 10, 11 The sensitivity of the MFC MRD assay varies with the type of phenotypic aberrancy and immunophenotypes of normal cells in background populations. Therefore, the MRD assay does not have uniform sensitivity across all patients but is able to detect MRD when present in the majority of patients down to a level of 0.1% and in progressively smaller subsets of patients as the level of residual disease continues to decrease. The abnormal cell population was quantified as a percentage of the total CD45 + white blood cell events. Any level of residual disease was considered MRD positive. [9] [10] [11] Results from the MFC assessment of MRD were available to the transplant teams.
Statistical Analysis
OS and progression-free survival (PFS) were estimated using the Kaplan-Meier method. Probabilities of nonrelapse mortality (NRM), relapse, and acute and chronic GVHD were summarized using cumulative incidence estimates. For patients in morphologic remission undergoing transplantation, documented relapse was considered progression; for patients with active AML undergoing transplantation, progression was assumed when palliative or curative-intent, post-HCT AML chemotherapy was administered. NRM was defined as death without prior relapse and was considered a competing risk for relapse, whereas relapse was considered a competing risk for NRM. Death was considered a competing risk for acute and chronic GVHD. Associations with OS and PFS were assessed by using Cox proportional hazards regression, and associations with relapse and NRM were assessed by using proportional subdistribution hazard models that account for competing risks. Other than disease stage (remission v not in remission) and MRD, multivariable models included age at the time of HCT, cytogenetic risk group at time of AML diagnosis (adverse v favorable/intermediate), type of AML at diagnosis (secondary v de novo), karyotype at time of HCT (normalized v not normalized for patients presenting with abnormal karyotypes), and peripheral blood counts at the time of HCT (recovered [ie, absolute neutrophil count . 1,000/mL and platelet count . 100,000/mL] v not recovered). Missing cytogenetic risk and karyotype were accounted for as separate categories. Categorical patient characteristics were compared between individual patient groups by using Fisher's exact tests, and continuous characteristics were compared by using one-way analysis of variance tests. No adjustments were made for multiple comparisons, and all two-sided P values from the regression models were derived by using the Wald test. Statistical analyses were performed using STATA software (STATA, College Station, TX) and R software (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Patient Characteristics
We identified 376 patients who met our inclusion criteria. We excluded patients in third remission (n = 2); patients who met marrow criteria for remission but had circulating blasts of undetermined significance in the peripheral blood (n = 4); patients who did not undergo pre-HCT MRD assessment (n = 6); and patients for whom we had no detailed pretransplant information on disease characteristics and treatment (n = 4). The remaining 359 patients had myeloablative HCT from a related (n = 142) or unrelated (n = 217) donor and had detailed pretransplant pathologic studies that included MRD data available for retrospective analysis. Three-hundred eleven patients (86.6%) had , 5% bone marrow blasts and thus met the morphologic marrow criteria for leukemia-free state and remission. 15 Of these, 248 patients (79.7%) had recovered neutrophil and platelet counts and met morphologic criteria for CR, whereas 63 patients (20.3%) had incomplete recovery of neutrophils and/or platelets and met morphologic criteria for CRi. Seventy-six of 311 remission patients (24.4%) had MRD by MFC, that is, these patients were MRD positive, whereas 235 patients (75.6%) had no flow cytometric evidence of MRD, that is, these patients were MRD negative. Among MRD-positive patients, 17 had MRD detectable at , 0.1% (the lowest two were 0.007%), 24 had MRD levels of 0.1% to 1%, and 35 had MRD levels greater than 1%. As previously reported, the outcomes for patients in first (n = 232) and second (n = 79) remission were similar (Appendix Fig A1, online only) 10 and were combined for subsequent analyses. Forty-eight patients (13.4%) had $ 5% bone marrow blasts in their pre-HCT assessment and were thus classified as having active AML. Seven of these 48 patients had never received therapy for AML, that is, these seven patients had untreated, newly diagnosed AML, whereas 16 patients had experienced AML relapse for which they did not receive any salvage chemotherapy. Twenty-five patients either experienced failure of salvage chemotherapy for relapsed AML or had primary refractory AML and did not achieve remission with up to two cycles of induction chemotherapy. Although limited by the small sample size, a subset analysis suggested that OS was similar for these three subsets of patients with active AML at the time of HCT (median OS for patients with untreated, newly diagnosed AML, 4.9 months [95% CI, 1.8 to NA months]; median OS for patients with untreated, relapsed AML, 7.1 months [95% CI, 4.4 to NA months]; and median OS for patients with primary refractory AML or unsuccessfully treated, relapsed AML, 3.5 months [95% CI, 2.7 to 9.1 months]; Appendix Fig A2) and the subsets were combined for subsequent analyses. The characteristics of the study population, donors, and transplants stratified by disease status are summarized in Table 1 . There were several statistically significant differences between patients in MRD-negative remission, in MRD-positive remission, and with active disease, most notably with regard to cytogenetic risk at diagnosis (there were higher proportions of patients with adverse-risk cytogenetics in MRD-positive remission and with active AML compared with patients in MRD-negative remission; P = .001), prevalence of secondary leukemia (higher in patients in MRD-positive remission and active AML patients than in patients in MRD-negative remission; P , .001), and proportion of patients with fully recovered peripheral blood counts before HCT (higher in patients in remission than in those with active disease; P , .001) but also with regard to conditioning regimens, particularly the use of radiolabeled antibodies in patients with active AML (P , .001), and with regard to GVHD prophylaxis (P , .001).
Acute and Chronic GVHD
The 100-day cumulative incidences of grade 3 or 4 acute GVHD as well as the 180-day cumulative incidence of chronic Abbreviations: Ab, antibody; BM, bone marrow; BU, busulfan; CLO, clofarabine; CR1, first CR; CR2, second CR; CY, cyclophosphamide; FLU, fludarabine; HCT, hematopoietic cell transplantation; H-TBI, high-dose total body irradiation; L-TBI, low-dose total body irradiation; MFC, multiparameter flow cytometry; MMF, mycophenolate mofetil; MRD, minimal residual disease; neg, negative; PBSC, peripheral blood stem cells; pos, positive; Tepa, thiotepa; Treo, treosulfan VP16, etoposide. *Absolute neutrophil count $ 1,000/mL and platelets $ 100,000/mL.
GVHD were not statistically significantly different for patients in MRD-negative remission, in MRD-positive remission, and with active AML (Fig 1 and Table 2 ).
Relationship Between Pre-HCT Disease Status and Post-HCT Outcome After transplantation, 132 patients experienced relapse or progression, 111 of whom died, and 57 patients died as a result of NRM for a total of 168 patient deaths. The median follow-up time after HCT in the 91 patients alive at last contact was 36.3 months (range, 3.1 to 99.1 months) for patients in MRD-negative remission, 49.9 months (range, 4.8 to 96.7) for patients in MRD-positive remission, and 63.8 months (range, 31.2 to 97.3 months) for patients with active AML. Estimates for OS and PFS and cumulative incidences of relapse and NRM were similar for patients in MRDpositive remission and in those with active AML and substantially inferior to those for patients in MRD-negative remission (Fig 2 and  Table 2 ). Specifically, 3-year OS and PFS estimates were 26% (17% to 37%) and 12% (5% to 21%), respectively, for patients in MRDpositive remission, 23% (12% to 35%) and 13% (5% to 23%), respectively, for patients with active AML, and 73% (66% to 78%) and 67% (61% to 73%), respectively, for patients in MRD-negative remission. These differences were largely a result of differences in the cumulative risk of relapse, estimated at 67% (55% to 77%) for patients in MRD-positive remission and 65% (49% to 76%) for patients with active AML, but 22% (16% to 28%) for patients in MRD-negative remission. There was also an increased risk of NRM for patients with evidence of AML at the time of HCT, with 3-year estimates for NRM of 21% (13% to 31%) for patients in MRD-positive remission and 23% (12% to 35%) for patients with active AML compared with 11% (7% to 15%) for patients in MRD-negative remission.
We fit regression models to evaluate OS, PFS, relapse, and NRM according to whether patients were in MRD-negative remission or MRD-positive remission, or had active AML or four levels of disease burden on the basis of log-increases in the percentage of abnormal bone marrow blasts as assessed by MFC (MRD negative v . 0 but , 0.5%, $ 0.5 but , 5%, and $ 5%). Table 3 summarizes the results from univariable models for these covariates and other factors. Being in MRD-negative remission at the time of HCT was significantly associated with better OS and PFS and with lower risk of relapse compared with patients in MRD-positive remission or those with active AML (all P , .001). Among patients with MFC evidence of leukemia, we found no statistically significant differences in outcomes when stratified on the basis of MRD levels (, 0.5% v 0.5% to 5% v . 5% abnormal blasts). A sensitivity analysis using different cut points, including , 0.1%, 0.1% to 1%, and . 1% abnormal blasts, was performed with similar findings.
To assess the effect of disease status (MRD-negative remission v MRD-positive remission v active AML) after accounting for the covariates noted in Patients and Methods, we developed multivariable models for OS, PFS, relapse, and NRM. These models indicated that, independent of these covariates, MRD-negative remission was associated with the best outcomes (longer OS and PFS as well as lower risk of relapse), whereas MRD-positive remission and active AML were similar in their association with poorer outcomes (Table 4 ). There were no significant associations between disease status and NRM. In models in which the disease status was categorized on the basis of the percentage of MFC-quantified abnormal bone marrow blasts, the hazards for overall mortality and failure for PFS, relapse, and NRM were very similar between patients presenting with greater than 0 but , 0.5%, $ 0.5 but , 5%, or $ 5% Cumulative incidences of acute graft-versus-host disease (GVHD) and chronic GVHD stratified by disease status. Estimates of (A) grade 3 or 4 acute GVHD and (B) chronic GVHD after myeloablative allogeneic hematopoietic cell transplantation (HCT) for adults with acute myeloid leukemia (AML), shown individually for patients in minimal residual disease (MRD) -negative (n = 235) and MRD-positive (n = 76) morphologic remission as well as those with active AML (n = 48).
abnormal blasts (Appendix Table A1 ). Again, a sensitivity analysis using different cut points (including , 0.1%, 0.1% to 1%, and . 1%) was performed with comparable findings.
DISCUSSION
Data from this report support three major conclusions. First, as shown previously, 9-11 patients with AML who are in MRD neg remission have favorable outcomes, with 3-year OS estimates exceeding 70% and a cumulative risk of relapse of no more than 20% to 25% after myeloablative HCT. Patients undergoing HCT while in morphologic remission with MFC-detectable MRD have a substantially increased relapse risk, approaching 65% to 70% after 3 years, and 3-year OS estimates of only approximately 25%, with MRD being the dominant risk factor for adverse outcome. Second, in line with several previous studies, 1,2,4 a small but significant subset of patients with active leukemia at the time of transplantation can achieve long-term disease control with myeloablative conditioning. Third, we now show that outcomes for adults with morphologically detectable disease who have undergone transplantation closely resemble those for patients in MRD-positive remission, with a cumulative relapse risk of approximately 65% and survival estimates of 20% to 25% at 3 years. This similarity remained after accounting for other prognostic covariates. These data provide further evidence for the clinical relevance of MRD and indicate that an MRD-based definition of remission would lead to a better estimate of expected treatment outcomes. Such information would not only be of prognostic value but could facilitate future clinical trials. For example, patients with active AML could be combined with patients in MRDpositive remission who have a similarly high disease risk in trials aimed primarily at reducing the risk of post-transplant relapse. In contrast, patients in MRD-negative remission would be suitable for prospective, controlled studies evaluating whether lower-intensity allogeneic HCT or other treatment modalities, such as autologous HCT or non-HCT therapies, could further improve outcomes in these lower-risk patients.
There remains debate about which patient with AML should undergo allogeneic HCT. By highlighting differences in outcomes between patients in MRD-positive and MRD-negative morphologic remission at the time of HCT, many studies have pointed to MRD as a potential marker to guide treatment decisions. Indeed, emerging data from patients with core-binding factor leukemias suggest that adding MRD measurements to the disease response assessment may optimize long-term outcomes.
18-20 Additional studies, however, are required to further validate this concept and to test whether it could apply to broader subsets of patients.
A particular strength of our analyses is that a bone marrow assessment with flow cytometric analysis of MRD is considered a standard of care at our institution during pretransplant work-up; therefore, our study includes all adults with AML who underwent myeloablative allogeneic HCT at our institution over an 8.5-year period. During that period, patients with AML were routinely assigned to myeloablative conditioning unless significant comorbidities were present or the patients were enrolled onto randomized studies comparing conditioning intensities. The presence of MRD, although perceived as a marker for increased risk of disease recurrence after transplantation, typically played no major role in choosing the type of preparative regimen. We would generally not perform transplantations in patients with active disease who are receiving reduced intensity or nonmyeloablative regimens; however, preparative regimens that were preferentially used for patients with AML in MRD-positive remission differed considerably from those used for patients with active AML. Whereas the latter group was most frequently administered radiolabeled antibodies or high-dose, total body irradiation, the former group was more frequently given a high-dose, busulfan-containing regimen. It is conceivable that such differences could lead to different degrees of antileukemic control, but better-controlled studies are required to test this possibility. Therefore, our results cannot be taken to demonstrate that posttransplant outcomes for patients in MRD-positive remission and for patients with active AML are identical. Another important limitation is that the number of patients with active AML who underwent transplantation was relatively small and somewhat heterogeneous, and it is therefore likely that these patients are not representative of all patients with active disease. Combining these patients into one category is an oversimplification, and our findings should not be used to suggest that all patients with active AML have similar post-transplant outcomes. However, at the minimum, our data indicate that the outcomes for patients in MRD-positive morphologic remission and for patients with active AML are similar and quite distinct from those results for patients in MRD-negative morphologic remission.
Several groups have proposed that, instead of using the technical detection limit of the MRD assay as threshold, different thresholds above the minimal detection limit may be optimal cutoffs for the best segregation of patients into categories of post-HCT relapse risk. 6, 7 Consistent with our previous analysis, 10 our current study indicates that even patients with the lowest detectable amount of MRD have significantly worse outcomes than patients without MRD. Although the outcomes for patients with the lowest amount of MRD (, 0.5% in the current study) were slightly better than those for patients with higher amounts of MRD, there was no statistically significant evidence that increasing levels of MRD were associated with increasing risk of any outcome. It is possible that a larger cohort study could yield statistically significant outcome differences between patients with various levels of MFC-quantifiable residual leukemia. Nonetheless, MRD-positive patients, regardless of the level of MRD, are more similar to each other than are MRDnegative patients to MRD-positive patients with the lowest detectable levels of MRD-an observation that supports our approach of using the MRD assay detection limit as a threshold to distinguish MRD-negative patients from MRD-positive patients. The goal of AML therapy has long been to achieve CR on the basis of the assumption that patients in CR live longer.
21,22 CR requires both normal blood counts and , 5% marrow blasts by Association between pretransplant disease status and outcome for patients with acute myeloid leukemia (AML) after myeloablative hematopoietic cell transplantation (HCT). Estimates of (A) overall survival, (B) progression-free survival, (C) cumulative incidence of relapse, and (D) cumulative incidence of nonrelapse mortality (NRM) after myeloablative allogeneic HCT for adults with AML, shown individually for patients in minimal residual disease (MRD) -negative (n = 235) and MRDpositive (n = 76) morphologic remission as well as those with active AML (n = 48).
light microscopy.
14, 15 Subsequently, many studies have demonstrated the value of MRD, detected either molecularly or by MFC, as a biomarker for the intrinsic resistance of leukemia to therapy and as a predictor for an increased risk of relapse and worse outcome after chemotherapy as well as after autologous and allogeneic transplantation. [6] [7] [8] [23] [24] [25] Is it time to move toward an MRD-based definition of CR? We believe so. Our data show similar post-HCT outcomes for patients in MRD-positive morphologic remission and for patients with active disease that are distinctly worse than outcomes for patients in MRD-negative remission NOTE. No. of events: overall mortality, n = 168 deaths; failure for PFS, n = 189 events; relapse, n = 132 relapses/disease progressions; NRM, n = 57 deaths without prior experience of relapse/disease progression. Abbreviations: AML, acute myeloid leukemia; HCT, hematopoietic cell transplantation; HR, hazard ratio; MRD, minimal residual disease; neg, negative; NRM, nonrelapse mortality; PFS, progression-free survival; pos, positive. *Recovered: absolute neutrophil count $ 1,000/mL and platelets $ 100,000/mL; not recovered: absolute neutrophil count , 1,000/mL and/or platelets , 100,000/mL. NOTE. No. of events: overall mortality, n = 168 deaths; failure for PFS, n = 189 events; relapse, n = 132 relapses/disease progressions; NRM, n = 57 deaths without prior experience of relapse/disease progression. Abbreviations: AML, acute myeloid leukemia; HCT, hematopoietic cell transplantation; HR, hazard ratio; MRD, minimal residual disease; neg, negative; NRM, nonrelapse mortality; PFS, progression-free survival; pos, positive. *Recovered: absolute neutrophil count $ 1,000/mL and platelets $ 100,000/mL; not recovered: absolute neutrophil count , 1,000/mL and/or platelets , 100,000/mL before transplantation. This suggests that decision algorithms that are based on the classic morphologic remission definition are not ideal. Our data support treatment algorithms that use MRD-based (ie, patients in MRD-negative CR v all other patients), rather than morphology-based, disease assessments. NOTE. No. of events: overall mortality, n = 168 deaths; failure for PFS, n = 189 events; relapse, n = 132 relapses/disease progressions; NRM, n = 57 deaths without prior experience of relapse/disease progression. Abbreviations: AML, acute myeloid leukemia; HCT, hematopoietic cell transplantation; HR, hazard ratio; NRM, nonrelapse mortality; PFS, progression-free survival. *Recovered: absolute neutrophil count $ 1,000/mL and platelets $ 100,000/mL; not recovered: absolute neutrophil count , 1,000/mL and/or platelets , 100,000/mL Association between pretransplant treatment history and outcome for patients with acute myeloid leukemia (AML) undergoing myeloablative hematopoietic cell transplantation (HCT) while having active disease. Estimate of overall survival after myeloablative allogeneic HCT for adults with AML, shown individually for patients with untreated newly diagnosed (ND) disease (n = 7), patients with relapsed AML who did not undergo pre-HCT salvage chemotherapy (n = 16), and patients who experienced failure of salvage chemotherapy for either relapsed or refractory (RR) AML (n = 25).
